In addition to their effects on alveolar surface tension, some components of lung surfactant also have immunological functions. We found recently that the hydrophobic lung surfactant protein SP-C specifically binds to the lipid A region of lipopolysaccharide (LPS). In this study, we show that SP-C also interacts with CD14. Four observations showed cross talk between the three molecules SP-C, LPS, and CD14. 
The lipopolysaccharide (LPS) of gram-negative bacteria is a potent stimulator of the immune system (27, 34) . When minute amounts of LPS reach the blood circulation system, a rapid innate response of the host aims at containing and destroying bacteria. However, in mammals, an excessive response to LPS often leads to major clinical problems mediated by LPS-induced bioactive products of monocytes/macrophages, such as tumor necrosis factor alpha, interleukins, reactive oxygen intermediates, and nitric oxide (7, 28) .
When LPS enters the host via the airways, it interacts with alveolar macrophages in a fluid environment which is markedly different from that of the blood circulation system. Pulmonary surfactant is a major constituent of the alveolar surface fluid. The surfactant acts to prevent alveoli from collapsing during expiration (22) . Pulmonary surfactant is a complex mixture of lipids and proteins secreted by alveolar type II epithelial cells (15) , the main component being dipalmitoylphosphatidylcholine. Surfactant contains the two hydrophilic proteins SP-A and SP-D, which belong to the C-type (collagen-like) mammalian lectin family referred to as collectins (9) , and the two hydrophobic proteins SP-B and SP-C (8) . On a weight basis, SP-A constitutes about 75% of the surfactant-associated proteins, while SP-B, SP-C, and SP-D make up 10, 6 , and 8%, respectively. However, on a molar basis, SP-C is the major surfactant protein (65%), whereas SP-A, SP-B, and SP-D, the three other surfactant-associated proteins, represent only 5, 30, and 0.5%, respectively (18) . In addition to its surface tension-lowering activity, pulmonary surfactant also displays host defense capacities (32) . SP-A and SP-D have been shown to interact with LPSs of various phenotypes (20, 25) , and we have shown recently that SP-C, but not SP-B, can also do so (3, 4) .
Because LPS induces a variety of responses in alveolar macrophages (31) and because the responses of macrophages to physiological amounts of LPS depend in part on membranebound CD14 (40) , it appeared important to examine the influence of the surfactant proteins SP-A, SP-D, and SP-C on CD14. Concerning lung collectins, Sano et al. (35) demonstrated in 1999 that SP-A binds to CD14 and modifies its interaction with LPS. SP-D can also bind CD14, but unlike SP-A, which recognizes a peptide region of CD14, SP-D recognizes a carbohydrate moiety of CD14 (36) . The consequence of these interactions is that the binding of a rough-type LPS to CD14 is enhanced by SP-A and is decreased by SP-D. The purpose of this study was to determine if SP-C interacts with CD14, and if so, how such an interaction influences the binding of LPS to CD14.
MATERIALS AND METHODS
Animals. Swiss mice were provided by R. Janvier (Le Genest Saint-Isle, France). C3H/HeOU mice were bred at the Pasteur Institute (Paris, France). Eight-to ten-week-old mice were used in all experiments.
Media and reagents. Culture medium (CM) was RPMI 1640 (GIBCO, Grand Island, N.Y.) containing 2 mM L-glutamine, 100 IU of penicillin per ml, and 100 g of streptomycin per ml and supplemented with 10% heat-inactivated (56°C, 30 min) fetal calf serum (FCS). The tripalmitoyl pentapeptide was from Bachem (Bubendorf, Switzerland). Recombinant soluble murine CD14 (rmCD14) was from Biometec (Greifswald, Germany). 1,3,4,6-Tetrachloro-3␣,6␤-diphenylglycouril (Iodogen) was from Sigma Chemical Co. (St. Louis, Mo). Na 125 I (0.78 MBq/l) was from ICN Biomedical Inc. (Irvine, Calif.), and tritium-labeled sodium borohydride (481 GBq/mmol) was from Amersham-Pharmacia Biotech (Buckinghamshire, England). The liquid scintillation reagent Aqualyte was from Baker (Deventer, The Netherlands).
LPS. The LPS from Salmonella enterica serovar Minnesota (rough mutant Re595) was from Sigma Chemical Co. The LPS from Salmonella enterica serovar Choleraesuis (serotype 6 2 ,7,14) was prepared as described previously (12) .
A fluorescein isothiocyanate (FITC)-labeled suspension of LPS from S. enterica serovar Choleraesuis (FITC-LPS) (12) was used. Briefly, FITC (250 l; 1 mg/ml in dimethyl sulfoxide) was incubated (150 min, 20°C) with a suspension of lysine-LPS (0.9 ml in 0.1 M NaHCO 3 ; pH 9) obtained by incubation of CNBractivated LPS (5.2 mg; 700 l; pH 10) with lysine chloride (200 l; 5 mg/ml in 1 M NaHCO 3 ). After dialysis against phosphate-buffered saline, FITC-LPS (3.7 mg/ml) was stored in the dark and at Ϫ20°C until used.
Tritium-labeled LPS ( 3 H-LPS) was obtained by a modification of the procedure of Watson and Riblet (38) . A sample (2 mg) of LPS from S. enterica serovar Minnesota Re595 was oxidized (150 min, 20°C) with sodium periodate (3 ϫ 10 Ϫ2 M). After destruction of the oxidant with 1 M ethylene glycol, aldehyde groups were reduced (18 h at 4°C) with an ice-cold solution of NaB 3 H 4 (0.46 GBq, 481 GBq/mmol) in 200 l of ice-cold borate buffer (0.05 M, pH 9.5). Excess sodium borohydride was destroyed with 5 l of acetic acid. After the LPS was washed (centrifugation at 100,000 ϫ g for 15 min) twice in 400 l of an ice-cold waterethanol mixture (1:1 [vol]), the radiolabeled 3 H-LPS (9 ϫ 10 5 cpm/g; 2 ϫ 10 3 cpm/pmol) was stored at Ϫ20°C until use. Nitric oxide production induced by 2 and 5 ng/ml of this radiolabeled material in mouse macrophages was not significantly different from that induced by the same concentrations of unlabeled LPS, indicating that the bioactivity of the LPS was not modified by the radiolabeling procedure.
Radiolabeled mouse CD14. The Iodogen method of Greenwood et al. (13) was used. A freshly prepared solution (60 l) of 1,3,4,6-tetrachloro-3␣,6␤-diphenylglycouril (Iodogen; 1 mg/ml in chloroform) was evaporated under vacuum in a glass tube. NaCl (0.15 M; 30 l), rmCD14 (1 mg/ml in 0.15 M NaCl; 5 l), and Na 125 I (3.9 MBq; 5 l) were sequentially added to the Iodogen-coated tube. After incubation for 10 min at room temperature, the solution was transferred to a polypropylene tube containing dithiothreitol (2 mg/ml in 0.15 M NaCl; 7.5 l). Radioiodinated rmCD14 was separated from the unreacted Na 125 I by chromatography on a Sephadex G-100 column (0.8 by 18 cm) preequilibrated with 0.15 M NaCl containing 60 g of bovine serum albumin (BSA) per ml and eluted with the same solution. Fractions (0.5 ml) were collected and assessed for 125 I by counting on an automatic gamma counter (1275 Minigamma; LKB). The specific activity of 125 I-labeled CD14 was 5.9 ϫ 10 6 cpm/g, and its purity was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis.
Mouse surfactant. Crude surfactant was isolated from the bronchoalveolar lavage specimens of 5-to 10-week-old Swiss mice; surfactant was isolated on an NaCl/NaBr density gradient by the method of Katyal et al. (21) . The different surfactant components were prepared by a modification of the method of Beers (6) . A suspension of crude surfactant (2.5 mg) was extracted (1 h, 4°C) in 2.5 ml of a mixture containing chloroform, methanol, and 1 M HCl (60:40:0.1 [vol] ). After centrifugation (10 min, 12,000 ϫ g), the hydrophilic components SP-A and SP-D in the pellet were purified by chromatography on a Biogel P-60 column (20 ml) eluted with apyrogenic water. The organic solvents of the supernatant were evaporated. After sonication of the dried residue in a solution of 5 mM Tris-HCl and 75 mM NaCl (pH 7.4) and removal of phospholipids by extraction with a mixture of diisopropylether-1-butanol (3:2 [vol]), the hydrophobic surfactant components at the interphase were isolated. Solvents were evaporated, and the dried residue was extracted with 2.5 ml of an ethanol-diethyl ether mixture (1:3 [vol] ). SP-B was recovered in the insoluble material isolated after centrifugation (15 min, 12,000 ϫ g) and reextraction with the same solvent. SP-C was purified from the supernatant as described previously (3). The purity of the different surfactant components was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis. For experiments of incubation with bone marrow cells (BMC), dried mixtures (sterilized under UV light) of purified surfactant components (2 g) and dipalmitoylphosphatidylcholine (18 g) were sonicated in 1 ml of CM, and 100-l samples of these suspensions were added to the cells in a final volume of 250 l.
FACS analysis of the binding of LPS to cellular CD14. Bone marrow cells (BMC) collected from femurs of C3H/HeOU mice (5 ϫ 10 5 cells in 125 l of CM) were induced to express CD14 by incubation (18 to 24 h, 37°C) with LPS from S. enterica serovar Choleraesuis (10 ng/ml in 125 l of CM). The cultures were then maintained for 1 h at 4°C and reincubated (18 h, 4°C) with FITC-LPS (0.2 g/ml in 250 l of CM), alone, or in the presence of serum or surfactant components. The cells were then layered on a 50% FCS solution and centrifuged, and the cell pellet was resuspended in 0.5 ml of staining buffer (phosphatebuffered saline, 5% FCS, 0.02% sodium azide) containing propidium iodide (0.2 g/ml) to stain dead cells. Viable (propidium iodide-negative) cells with high numbers of LPS-binding sites (LpsR ϩ cells) were detected by analysis (5,000 cells per sample) on a fluorescence-activated cell sorter (FACS) flow cytometer (FACScan; Becton-Dickinson Electronic Laboratories, Mountain View, Calif.) using Cell Quest Software. Cells with a fluorescence intensity higher than the maximal level of autofluorescence (channel 222 with the gain setting used) were scored as LpsR ϩ cells.
RESULTS
Pulmonary mouse surfactant enhances the binding of LPS to BMC expressing CD14. Our previous observations showing an interaction between LPS and the lung surfactant component SP-C lead us to try to evaluate the biological importance of this interaction. Because CD14 is the first cellular target of LPS, it was important to determine if SP-C can influence the binding of LPS to cells expressing CD14. We used a system consisting of fluorescent LPS (FITC-LPS) and BMC. We have shown previously that BMC do not constitutively express membrane CD14, and thus, unstimulated BMC do not bind FITC-LPS. However, after stimulation with different agents, including low concentrations of LPS, the expression of CD14 is induced on the membranes of bone marrow granulocytes (BMG). We have also shown previously that in BMG, FITC-LPS binds exclusively to an inducible glycosylphosphatidylinositol-anchored molecule (29) that we identified further as CD14 (30) . This binding to CD14 occurs exclusively in the presence of serum or serum component LBP (12, 30) . Therefore, we prepared LPS-stimulated BMC containing the granulocyte population expressing the LPS receptor CD14 by the method described previously (30) , and we used these cells to analyze the influence of mouse surfactant and its protein components on the binding of FITC-LPS. The results in Fig. 1 confirm that FCS enhances the binding of FITC-LPS to the cells compared to cells incubated in the absence of serum (51% versus 28% of fluorescent cells) (Fig. 1A and B) . The mean fluorescence and the number of fluorescent cells were both increased. Enhanced binding of FITC-LPS to BMC was also found when complete mouse surfactant (protein content, 800 ng/ml) was used instead of serum. An increase of 13% of the number of fluorescent cells was observed (Fig. 1C) . When purified mouse SP-C was used at the same protein concentration (800 ng/ml) and in the presence of the same amount of lipids as in complete surfactant, the effect was even higher (27% increase in the number of fluorescent cells) (Fig. 1D) . In the presence of void vesicles of dipalmitoylphosphatidylcholine (without SP-C), the binding of FITC-LPS to the cells was not modified (data not shown). These results indicate that SP-C, like LBP, allows an interaction between FITC-LPS and BMG expressing CD14.
The serum-like activity of mouse surfactant is mainly due to its SP-C component. In a second experiment, we compared the influence of SP-C to those of the three other protein components of mouse surfactant (SP-A, SP-B, and SP-D). We found that SP-C is clearly the most efficient surfactant component for this effect (Fig. 2) . A moderate activity was also observed with SP-B, whereas SP-A and SP-D were inactive.
Interaction of mouse SP-C with recombinant CD14 and inhibition by LPS. The results mentioned above suggested that SP-C, which binds LPS, can carry or transfer this LPS to cellular CD14. There must be an interaction between SP-C and CD14 for SP-C to carry LPS to CD14. To evaluate this, we used radiolabeled rmCD14, and we analyzed its interaction with mouse SP-C in an acellular system. Polypropylene wells, resistant to organic solvents, were coated with various amounts of mouse SP-C by evaporation of a chloroform-methanol solution of the protein, and the coated plate was incubated for 2 h at 20°C with 125 I-labeled CD14. The results in Fig. 3A show binding of 125 I-labeled CD14, which is dependent on the amount of SP-C coating the wells. This indicates that mouse SP-C binds directly to CD14. Because mouse SP-C also binds to LPS (3), it was interesting to examine the influence of LPS on the interaction between SP-C and CD14. Polypropylene wells coated with a constant (300 pmol) amount of mouse SP-C were thus preincubated (2 h, 20°C) with various concentrations of the S. enterica serovar Minnesota Re595 LPS. After the wells were washed, the binding of 125 I-CD14 was analyzed as described above. We found (Fig. 3B ) that the preincubation with LPS induced a dose-dependent inhibition of the binding of 125 I-CD14 to mouse SP-C. This result suggests that LPS and CD14 interact with a common binding site of SP-C.
The synthetic SP-C analog SP-C(LKS) behaves like mouse SP-C. To ensure that in the experiments described above, the binding of 125 I-labeled CD14 is not due to some undetectable contaminant of mouse SP-C, we used the synthetic peptide SP-C(LKS), which is a nonpalmitoylated analog of mouse SP-C. The sequences of SP-C and SP-C(LKS) are shown in Fig. 4 . The molecular masses of SP-C and SP-C(LKS) are 4,255 and 3,832 kDa, respectively. We have shown recently (4) that SP-C(LKS) interacts with LPS as efficiently as native mouse SP-C. Using the binding technique described above, with polypropylene wells coated with SP-C(LKS), we found that 125 I-CD14 also binds to this synthetic peptide (Fig. 5A) . In contrast, the labeled ligand did not bind to an unrelated palmitoylated peptide (tripalmitoyl pentapeptide), thus indicating that binding to murine SP-C and to the synthetic SP-C(LKS) is specific. Again, this binding was markedly inhibited by the presence of the S. enterica serovar Minnesota Re595 LPS.
Comparison of different synthetic analogs of SP-C. We then compared the capacity of three synthetic analogs of SP-C to bind 125 I-labeled CD14 and the ability of LPS to block this (Fig. 4) . Using the binding and inhibition techniques mentioned above, we found that both SP-C(LKS) and SP-C/BR have a common binding site for CD14 and LPS (Fig. 6 ). In contrast, SP-C(1-21) did not bind CD14. This ability of the synthetic SP-C analogs to bind 125 I-CD14 correlates with their previously reported capacity to bind LPS (3): in that report, the LPS-binding capacities of 400 pmol of SP-C(LKS), SP-C(1-21), and SP-C/BR were 77, 5, and 75%, respectively. This correlation confirms that CD14 and LPS interact with the same region of SP-C.
SP-C(LKS) enhances the specific interaction between LPS and recombinant CD14.
The inhibition of the interaction between SP-C and CD14 induced by LPS seemed to contradict the result of Fig. 1D showing that SP-C triggers an interaction between LPS and cell surface CD14. Therefore, we reexamined the results of Fig. 1D in an acellular system and with a synthetic analog of SP-C. We used polystyrene wells coated with the S. enterica serovar Minnesota Re595 LPS and saturated with BSA. A solution of 125 I-labeled CD14 preincubated (2 h, 20°C) with various concentrations of SP-C(LKS) was added to uncoated or LPS-coated wells, and the plate was incubated for 2 h at 20°C. The specific binding of 125 I-CD14 to LPS was calculated as the difference of radioactive material bound to LPS-coated and uncoated wells. The results in Fig. 7 show a binding of 125 I-CD14 to LPS which is dependent on the amount of SP-C(LKS). This result confirms the observations of Fig. 1D and Fig. 2 showing that the interaction between CD14 and LPS requires an additional molecule and that SP-C(LKS) can play this role.
DISCUSSION
A growing body of evidence suggests for most epithelial cells a role as sensors for microorganisms (19) and a capacity to produce molecules with antimicrobial properties (26) . The main cells lining the lung alveolus are the thin epithelial type I cells and the bulky epithelial type II cells. The type II cells are key cells of the alveolus because they secrete the components of pulmonary surfactant and, after alveolar injury, will divide to form more type I cells. They can also play an immunological role by producing proteins that cause neutrophil chemotaxis and surfactant proteins that bind to alveolar macrophages, type II alveolar cells, and microorganisms that have entered the alveolus. Of the different bacterial components, LPS is one of the most active in the host. Recent work in this laboratory (3, 4) has demonstrated a new feature of the surfactant component SP-C, its ability to interact with LPS. This opens new perspectives for a possible role of SP-C in innate immunity, since by binding to LPS, SP-C may affect the interaction of this molecule with cellular receptors and thus influence the cell signaling reactions and the ensuing pathophysiological cascade.
Because CD14, which has been identified as a cell surface binding site for LPS (40) , enhances the LPS signal mediated by the TLR4-MD2 complex (1), we analyzed how SP-C, CD14, and LPS interact together. Our data indicate that mouse SP-C and the two synthetic analogs SP-C(LKS) and SP-C/BR interact with rmCD14. Converging evidence show that CD14 and LPS interact with the same region of the SP-C molecule. First, 125 I-CD14 (30,000 cpm; 10 l in 0.15 M NaCl) was then added, and the plates were reincubated for 2 h at 20°C. After the wells were washed five times with saline, bound radioactivity was measured. The broken line represents the nonspecific binding of 125 I-CD14 to the surface of uncoated wells. The results are the means Ϯ standard deviations of three wells from one representative experiment.
LPS inhibits the binding of CD14 to SP-C. Second, the palmitoyl chains of SP-C, shown previously to be unnecessary for LPS binding (4), are also not required for CD14 binding, since the two synthetic peptides which bind to CD14 are not palmitoylated. Third, the synthetic peptide SP-C(1-21) which previously exhibited a reduced capacity to bind LPS (4) is also almost unable to bind CD14 (Fig. 6) .
Once it was established that LPS binds to SP-C and that CD14 binds to SP-C, it may be expected that CD14 should bind to the LPS/SP-C complex by interacting with its two components, and it may appear paradoxical that the presence of LPS inhibits the binding of CD14. To understand this, we should note that in the absence of a "presenting" molecule (LBP or SP-C), CD14 alone does not bind efficiently to LPS. This is clearly shown in cellular (Fig. 1A) and acellular (Fig. 7) experiments. Only LBP/CD14 or SP-C/CD14 complexes can recognize LPS. For example, in the absence of SP-C, there was no detectable specific binding of CD14 to LPS-coated wells (Fig.  7) . This explains why LPS, when attached to SP-C on the wells, is not recognized by CD14. Actually, this attachment even blocks the interaction between CD14 and SP-C (Fig. 3B and 5B). One explanation is that on SP-C, the LPS-binding site and the CD14-binding site are very close to each other, so that the binding of LPS causes a steric hindrance of the other adjacent site. However, this is unlikely because the hydrophilic site of SP-C, which binds LPS according to our previous study (4) , is rather short (12 amino acids) and can hardly contain two distinct binding sites (one for SP-C and another for CD14). Another explanation is that the two binding sites are actually identical. Actually, these two possibilities can be grouped in a more general interpretation stating that LPS and CD14 interact with the same "region" of SP-C.
The competition between LPS and CD14 for binding to SP-C cannot be explained by a structural analogy between these molecules: indeed, our previous study (4) demonstrated that SP-C essentially reacts with the ␣-1-phosphate group of lipid A and that an ester-linked fatty acid of this ligand may also play a role in the recognition. In contrast, the rmCD14 used lacks phosphate and fatty acids, as the glycosylphosphatidylinositol moiety which carries such residues is not present in the recombinant soluble form of CD14 used in our study. In view of this apparent absence of structural analogy between LPS and CD14, our hypothesis is that CD14 does not represent the ligand of SP-C but its receptor. Actually, this is not very surprising inasmuch as CD14 is now considered a pattern recognition receptor (24, 33) which, in addition to LPS, is able to recognize a number of ligands such as peptidoglycan (14) , polyuronic acids of Pseudomonas (17), rhamnose-glucose polymers of Streptococcus mutans (37) , lipoteichoic acid of Staphylococcus aureus (16) , lipoarabinomannan from mycobacteria (42) , and an outer membrane lipoprotein of Borrelia burgdorferi (39) . Therefore, it is conceivable that the pattern recognition receptor region of CD14, possibly its leucine-rich repeat region (11) , which in general is a versatile binding motif (23) , interacts with the LPS-binding region of SP-C, thus explaining LPS inhibition of this interaction.
Another important observation of this study is that in the presence of SP-C, the interaction of LPS with soluble CD14 (Fig. 7) or with cells expressing membrane CD14 (Fig. 1D) is enhanced. This may indicate that the interaction between SP-C and CD14 modifies the conformation of the latter or dissociates LPS-nonreactive homodimers of CD14 and thus allows LPS-CD14 interactions. This is reminiscent of the effect of LBP, which helps LPS to bind to CD14. However, the two mechanisms are likely different because LBP acts in a catalytic fashion as a shuttle which transfers LPS to CD14 (41) , whereas the result of Fig. 7 suggest that this is not the case with SP-C which must be present in noncatalytic amounts. This also suggests a ternary interaction of SP-C with CD14 and LPS and is thus reminiscent of the effect of SP-A, which has been shown to associate with LPS and CD14 (36) . A second analogy between the effects of SP-C and SP-A is that these proteins enhance the binding of a rough-type LPS to CD14, whereas SP-D inhibits this binding (36) . In addition to SP-C, SP-A, and SP-D, the existence of other molecules able to bind both LPS and CD14 has been reported. In particular, human lactoferrin, an iron-binding glycoprotein released from neutrophil granules during inflammation, binds to the lipid A region of LPS (2) and to the membrane and soluble forms of CD14 (10, 5) . Therefore, proteins belonging to structurally different families can, in addition to their normal function, bind LPS and CD14, which is likely relevant in innate immunity.
Because CD14 is a pattern recognition molecule which plays a central role in inflammation, our observation of an interaction between SP-C and CD14 opens the way to investigate the immunological role of SP-C during lung inflammatory processes induced by a panel of microorganisms including bacteria other than gram-negative bacteria.
